Hall effect in underdoped GdBa 2 Cu 3 07_5 thin films: evidence for a crossover line in 

the pseudogap regime. 
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We report on measurements of the resistivity and Hall coefficient in underdoped GdBa2Cu307_a 
epitaxial thin films grown by off-axis magnetron sputtering. The films have been lithographically 
patterned allowing precise measurements of the temperature dependencies of the inverse Hall con- 
stant R^ 1 and of the Hall angle Oh- We find that R H X is linear in temperature between 300 K 
and the pseudogap temperature T* , whereas cot(#£r) displays a perfect T 2 temperature dependence 
between typically 300 and WOK. We observe for all the samples that the temperature at which the 
temperature dependence of cot (6h) deviates from the T 2 behavior is correlated to the temperature 
at which Rh displays a peak. This characteristic temperature, found to lie between T c and T* , 
does not depend markedly on the doping level and defines a new crossover line in the temperature 
versus doping phase diagram. We tentatively relate these findings to recent high frequency conduc- 
tivity and Nernst effect experimental results, and we briefly discuss the possible consequences for 
competing theories for the pseudogap state of the cuprates. 



I. INTRODUCTION 

Among the anomalous normal state transport proper- 
ties observed in high temperature superconductors, the 
temperature dependence of the Hall constant is probably 
one of the most striking: it displays a behavior which is 
totally different from the one observed in simple met- 
als. Indeed, it is generally observed, in particular in 
REBa2Cu307_5 (RE rare earth) compounds, that the 
temperature dependence of the Hall coefficient, Rg(T), 
goes as 1 jT over a wide temperature range and presents 
an ill- understood peak above T c , whereas the cotangent 
of the Hall angle (cot(0jj) = p xx / ' p xy where p xx and 
p xy are respectively the longitudinal and Hall resistiv- 
ity) varies as T 2 over a wide temperature range. One 
way to analyze the temperature dependence of the Hall 
effect is to consider two different relaxation rates. Ex- 
perimental reportstl, showing that the cotangent of the 
Hall angle obeys a T 2 law even if Rg (T) or p xx (T) 
are strongly nonlinear suggest that the cotangent of the 
Hall angle is a function of a single relaxation rate, t^ 1 , 
whereas the resistivity p xx would be related to another 
relaxation rate T t ~ . Other scenarios based on a temper- 
ature dependent carrier concentrationfcm or on a scatlj 
ing time that depends on the Fermi surface locatior 
have been proposed. When considering two relaxation 
rates, the Hall constant Rh depends on both th and 
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perature dependence of the cotangent of the Hall 
cot(0jj) = AT 2 +C, has been theoretically predieiedE 
and observed experimentally in WWy systems£9. In the 
approach proposed by AndersorotiJ the two scattering 
rates reflect spin and charge separation with the Hall an- 
gle being directly related to the spinon relaxation rate. In 
this view, magnetic impurities bring another scattering 
channel for the spinons and thus directly affect the be- 
havior of the Hall angle as first observed experimentally 
by T. R. Chien, Z. Z. Wang and N. P. OngM. 



Recent experimental resultsr?nj'| and theoretical ideas 
on the nature of tlie-j^udogapEJ~tJ and its influence on 
Hall measurementpd'Ej, the possible presence of charge 
inhomogeneitieS'Eij, or the pressace of vortex like ex- 
citations in the pseudogap phaseEJlHj have changed our 
view of the normal state. In this paper, we revisit the 
question of the Hall effect by measuring the Hall constant 
and the Hall angle in the pseudogap phase of epitaxial 
underdoped GdBa2Cu307_,5 films. The results are pre- 
sented and discussed in the context of the recent findings 
mentioned above. 



II. SAMPLES AND EXPERIMENT 

A series of GdBa2Cu307_,5 thin films were grown 
by off-axis magnetron sputtering on (100) SrTi03 sub- 
strates. The temperature of the substrates was typically 
700 °C, and the-^Lr + O2 sputtering pressure 0.15 Torr 
(02/Ar = 0.4).E£l The oxygen content in the films was 
changed by vacying the oxygen pressure during the cool- 
ing procedurcO. The structural crystalline quality of the 
films was checked by x-ray diffraction analysis. 9 — 28 
and phi scans indicate an epitaxial growth with the c 
axis oriented perpendicular to the substrate surface. Low 
angle x-ray reflectivity oscillations as well as finite size 
effects around the 001 peaks allow determination of the 
individual sample thickness, which was varied from 20 
to 60 nm in this study. To prevent degradation during 
the lithographic processes, the films were protected by 
the subsequent in-situ deposition of an amorphous insu- 
lating layer. All the samples were photolithographically 
patterned using ion milling with a 100 pm bridge wide. 
The relatively low thickness of the films allowed us to 
increase the measured voltages and to reduce the noise 
of the measurements. The dc Hall voltage was measured 
using a three voltage contact technique and by adjusting 
the Hall voltage to zero in zero magnetic field. At each 
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temperature, the Hall voltage was measured by sweeping 
the magnetic field between —6 and +6 Tesla. During each 
measurement, the temperature, measured with a cernox 
resistance, whose magnetoresistance is negligibly small, 
was stable within ± 5 mK. 



III. RESULTS AND DISCUSSION 

Figure [I] shows the Hall constant Rh, as a function of 
temperature, for a series of GdBa2Cu307_,5 thin films. 
On Fig. |l| the curves correspond to films with critical 
temperatures of 84.6 K, 80.9 A, 79.0 A, 62.7 A, 48.9 A 
and 53.1 A. As can be seen, T c [Ref. [2p scales with the 
inverse Hall coefficient . Since R H depends on the 
temperature, the relation between the doping level and 
R^ 1 is iint straightforward. Here, we will simply use, 
as othersc^l, the value of R^ 1 at 100 if as a parameter 
related to the doping level. We find that the T c versus 
#7/(100 K) curve obtained is in eaod agreement with 
YBa2Cu307_<5 single crystals dataEj. This observation 
is consistent with a T c reduction and a change in dop- 
ing in these thin films essentially related to a change in 
oxygen content. In Fig. |] the highest T c sample has 
a resistivity which is typically twice the value found in 
optimally doped thin filmM The value of i?7/(100 K) 
for this same sample is slightly less-than half the value 
found in optimally doped thin filmsEJ, implying that, rip 
this thickness range, our films are not fully oxidizedE3. 
One can also notice on Fig. [l| that the maximum in Rh 
occurs in the normal state around 100 A for each sample 
and does not seem to be related to the T c of the sample. 
This point will be discussed below in detail. 

In Fig. H the temperature dependence of R H is shown 
for four representative samples. For the almost optimally 
doped sample with T c = 84.7 A, R^ 1 is linear in temper- 
ature over a wide temperature range as observed exper- 
imentally in optimally doped YBa2Cu307_5 crystalstS. 
The temperature at which the inverse Hall constant de- 
viates from linearity is shown by an arrow for each sam- 
ple. For the highest T c sample the deviation in linearity 
is found to be very close to the peak in Rh (minimum of 
RJt 1 ). For more underdoped samples, the temperature 
at which the deviation occurs is shifted, the lower the 
T c , the higher this temperature. These data are found 
to be consistent with the results of R. Jin and H. R. 
Ottc3 who made a systematic study of the Hall effect on 
YBa2Cu307_,5 single crystals. They found that the tem- 
perature at which Rjj 1 deviates from linearity is in good 
agreement with the temperature at which anomalies in 
the temperature dependence of other physical properties 
are reported, these anomalies being associated with the 
opening of the pseudogap at the temperature T*£j 

We turn now to the analysis of the behavior of cot(6*#). 
Figure^ shows for four selected samples (cot(6*#) — C)/T 2 
and Rh as a function of temperature. Our data on the 
temperature dependence of cot((?f/) show, over a tem- 



perature range extending from 100 A' to 300 A, a perfect 
T 2 dependence for all the doping levels investigated. No 
anomalies at temperatures close to T* (or at the temper- 
ature at which R H l (T) deviates from linearity) are found 
in cot(0 H )(T). As shown in Fig. |, (cot(0 H ) - C)/T 2 is 
temperature independent for all the samples until a char- 
acteristic temperature at which a deviation is observed. 
We notice, as apparent on Fig. |[ that this tempera- 
ture is essentially not affected by the sensitivity criterium 
used to define the deviation in the T 2 temperature de- 
pendence of cot(0H ). As can be seen also in Fig. ||, this 
second characteristic temperature T , is well correlated 
with the temperature at which Rh displays a peak and 
is almost independent of the doping level in the range 
investigated. At this temperature T no anomaly is ob- 
served in the resistivity, the peak in Rni^ Pxx/ cot(0jj)) 
has to be attributed to the change in cot(0#)(T). 

Since no deviation in cot(0#) is observed at high tem- 
perature (close to T*), we conclude in the two relaxation 
times picture, that the deviation in R H l = cot(0#) ■ 
H/ p xx ~ t h l T tr nas ^0 be attributed to a change in 
Tj" 1 , a diminution of the scattering rate related to the 
opening of the pseudogap. Since p xx ~ t^ 1 , a devia- 
tion from the linear temperature dependence of the re- 
sistivity should be observed at the same characteristic 
temperature. A detailed analysis of the resistivity is dif- 
ficult however, since, as often observed in underdoped 
thin films, the resistivity is not linear with temperature 
in this temperature range. It should be noticed that the 
T 2 temperature dependence of cot(0#) is observed up 
to temperatures much higher than T* implying that the 
mechanism at the origin of the T 2 behavior extends at 
temperatures above the pseudogap phase. 

In Fig. ||, we present a phase diagram T versus 
i?7/(100 K) that summarizes the results of the paper. 
First T c versus i?7/(10Q-A') is plotted (squares) along 
with single crystals datacj (circles). The line is a guide 
to the eyes. As can be seen the critical temperatures 
of films and crystals fall on the same curve. The tem- 
peratures at which a deviation in the linear temperature 
dependence of Rg (T) is observed are indicated by tri- 
angles. These points follow the temperature dependence 
of the pseudogap temperature T* as discussed above. Fi- 
nally, the diamonds are the well defined temperatures T 
at which a deviation in the T 2 behavior of cot(0#) oc- 
curs (or at which Rh is maximum). T falls between T c 
and T* , clearly separating the pseudogap phase in two 
regions. 

Before discussing this phase diagram and in particu- 
lar the temperature T , one can compare these results to. 
very recent experiments on Bi2Sr2Ca„_iCu n Oj, filmsEJ 
which focalize on the doping dependence of the Hall re- 
sponse. In this system Z. Konstantinovic, Z. Z. Li and 
H. Raffy do not observe a correlation between the peak 
in Rh and the deviation in cot(0#). Their data, how- 
ever, show that the temperature at which a deviation in 
cot(0jj)(T) occurs is much lower than T* , in agreement 
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with the data presented here. We can also relate our 
data to other recent experimental findings. Analysis of 
the temperature dependence of Rh(T) have suggested 
that the peak in Rh(T) is related to the pseudogapEllEl 
It is however clear from the experimental data shown in 
Fig. |], that the temperature of the maximum in Rh is 
well defined and does not follow the pseudogap temper- 
ature dependence, suggesting that the latter is not, at 
least directly, responsible for the behavior observed. 

There have also been reports on Bi2Sr2CaCu20s+a and 
L^^zSr^CuC^ compounds of the presence of vortex like 
excitations in the pseudogap phase. High frequency con- 
ductivity experimentsEj and measurements of the Nernst 
effectEa have shown that vortex like excitations are found 
at temperatures up to 100 — 150 K. Although measured 
on different systems, these temperatures are above T c 
but below the pseudogap temperature T* , as the char- 
acteristic temperatures T measured in this work. Since 
experimentally^ without implying a particular scenario, 
the Hall angle has been shown to be sensitive to mag- 
netic impurities through r^ 1 , an interesting possibility 
is that vortex like excitations may affect the Hall angle. 
These vortex like excitations could be seen as a parallel, 
temperature dependent channel for magnetic scattering 
modifying the Hall angle and indirectly Rh- The en- 
hancement of cot(0ff) due to this additional scattering 
source would be responsible, in this system for the break 
in the temperature dependence of Rh- 

The Nernst effect experiments, the high frequency ex- 
periments and the Hall data shown here point to a new 
crossover in the phase diagram. From an experimental 
point of view, three crossover temperatures are thus ob- 
served in underdoped cuprates: from weak (To) to strong 
pseudogap at T* and, at lower temperature, the "new" 
crossover line discussed above. The crossover from weak 
to strong pseudogap has been intensively discussed in 
the literature theoretically and experimentally!! 2 ]. Sev- 
eral theoretical approaches have been suggesting or cal- 
culating the existence o f an . additional structure in the 
strong pseudogap phaseE^O. In particular, phase dia- 
grams with a new temperature T c h arge at which charge 
ordering occursE3 have been discussed in the presence 
of charge inhomogeneities or stripesEfl. Experimentally, 
T. Noda, H. Eisaki and S. Uchida have measured the 
Hall effect in L^-a-^NdySr^CuC^ [Ref. Q and have re- 
lated the sharp decrease in Rh to one dimensional charge 
transported. We note also that recently, P. Devillard and 
J. Ranninger have predicted that there should exist a new 
characteristic temperature T B in the pseudogap phase, 
between T* and T c , that corresponds to the temperature 
at which the electron pairs, formed at higher tempera- 
ture (T*), become itinerant, defining an upper limit for 
partial Meissner screeningtj (and vortex like excitations). 

There are perhaps two main tentative theoretical 
frameworks for the pseudogap regime. In one, the pseu- 
dogap state is fluctuating superconductivity: the system 
is superconducting over short distances and time scales, 
but phase fluctuations destroy the long range supercon- 



ducting order. The second main theoretical framework 
is related to the proximity of these systems to Mott in- 
sulators, and attempts to describe these strongly corre- 
lated systems with various-,sehemes of spin charge sep- 
aration or gauge theoriesEDH. The Hall effect experi- 
ments presented in this paper raise in fact two related 
questions. Firstly whether the difference between the 
Hall and the resistivity temperature dependencies entails 
the existence of two different relaxation mechanisms and 
times, or whether it should be explained in a different 
way. If two different scattering times do indeed charac- 
terize the Hall effect situation in high temperature super- 
conductors, then one must somehow reconcile this fact 
with the existence of the lower crossover. Unfortunately, 
the various spin charge separation theories, that provide 
in principle a ..natural explanation for the different re- 
laxation timeso'tj, have up to now, to our knowledge, 
not predicted a second crossover in the strong pseudo- 
gap regime. This difficulty could possibly be resolved if 
one assumes that the holons or chargons behave as 2D 
bosons: the new temperature T could then be the critical 
temperature of the corresponding 3D system as recently 
discussed by Y. J. UemuraGJa in the context of "preformed 
pairs" . On the other hand, if the lower crossover is con- 
nected with the loss of short distance phase coherence 
between " preformed pairs" , and therefore the disappear- 
ance of vortices, one is left in this phase fluctuation pic- 
ture with the problem of finding a mechanism for the 
existence of two different relaxation times, and this, way 
above T*. 



IV. CONCLUSION 

In conclusion, we have studied the transport proper- 
ties, resistivity and Hall effect, in a series of underdoped 
GdBa2Cu307_a epitaxial thin films, grown by off-axis 
magnetron sputtering. We find that the inverse Hall 
constant is linear over a temperature range that de- 
creases as T c decreases. The temperature at which a 
deviation in R H l occurs is close to the pseudogap tem- 
perature T* measured in this material. We also find that 
cot(0#) displays a perfect T 2 temperature dependence 
over a large temperature range extending from about 
100 K to 300 K . We observe for all the samples that the 
temperature at which the temperature dependence of 
the Hall angle deviates from the T 2 behavior is precisely 
correlated to the temperature at which Rh displays a 
peak. This characteristic temperature, found to lie be- 
tween T c and the pseudogap temperature T*, does not 
depend markedly on the doping level and defines a new 
crossover in the phase diagram. 
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FIG. 1. Temperature dependence of the Hall constant Rh for a series of GdBa2Cu307_,s thin films. The curves correspond 
to films with critical temperatures of 84.6 K (♦), 80.9 K (X), 79.0 K (+), 62.7 K ( A ). 48.9 K (■) and 53.1 K (▼). 
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FIG. 2. Temperature dependence of RJj for four representative samples. The temperature at which the inverse Hall constant 
deviates from the linearity is shown by an arrow for each sample. This characteristic temperature can be associated with the 
pseudogap temperature T* . 
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FIG. 3. (cot(#Er) — C)/T 2 (right axis) and Tiff (left axis) for four selected samples are shown as a function of temperature. 
(cot(0ff) — C)/T 2 is temperature independent for all the samples until a characteristic temperature T which is well correlated 
with the temperature at which Rh displays a peak. 




FIG. 4. The phase diagram T versus R H 1 (AO0 K) (logscale) summarizes the results of the paper. T c versus R^ (100 K) (■), 
along with single crystals data from Ito et aliB (•), the temperature at which R~^(T) deviates from linearity associated to the 
pseudogap temperature T* (a) and T (♦), the temperature at which a deviation in the T 2 behavior of cot^n) is observed, 
are plotted. 
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